Background: Previous studies have indicated that higher knee joint laxity may be indicative of an increased risk of anterior cruciate ligament (ACL) injuries. Despite the frequent clinical use of knee arthrometry in the evaluation of knee laxity, little data exist to correlate instrumented laxity measures and ACL strain during dynamic high-risk activities.
Results: During simulated drawer tests, 134 N of applied anterior shear load produced a mean peak anterior tibial translation of 3.1 6 1.1 mm and a mean peak ACL strain of 4.9% 6 4.3%. Anterior shear load was a significant determinant of anterior tibial translation (P \ .0005) and peak ACL strain (P = .04). A significant correlation (r = 0.52, P \ .0005) was observed between anterior tibial translation and ACL strain. Cadaveric simulations of landing produced a mean axial impact load of 4070 6 732 N. Simulated landing significantly increased the mean peak anterior tibial translation to 10.4 6 3.5 mm and the mean peak ACL strain to 6.8% 6 2.8% (P \ .0005) compared with the prelanding condition. Significant correlations were observed between peak ACL strain during simulated landing and anterior tibial translation quantified by knee arthrometry.
Conclusion: Our first hypothesis is supported by a significant correlation between arthrometry displacement collected during laxity tests and concurrent ACL strain calculated from DVRT measurements. Experimental findings also support our second hypothesis that instrumented measures of anterior knee laxity predict peak ACL strain during landing, while specimens with greater knee laxity demonstrated higher levels of peak ACL strain during landing.
Clinical Relevance: The current findings highlight the importance of instrumented anterior knee laxity assessments as a potential indicator of the risk of ACL injuries in addition to its clinical utility in the evaluation of ACL integrity.
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The anterior cruciate ligament (ACL) is the primary passive restraint to anterior translation of the tibia with respect to the femur. 1, 4, 11, 19, 20 A cadaveric study by Butler et al 4 demonstrated that the ACL provides 85% to 87% of the passive anterior tibial restraint at knee flexion angles of approximately 20°to 30°. Dynamic knee stability is affected by both passive (ligamentous) and active (neuromuscular) joint restraints. 29, 30 The increased physiological laxity of the knee joint may contribute to deficits in dynamic joint stability and, as a result, an increased risk of ACL injuries during high-risk maneuvers. 23, 28, [31] [32] [33] Instrumented measurements of anterior-posterior (A-P) knee laxity, or arthrometry, are most often assessed during anterior drawer and Lachman tests. Knee arthrometers offer objective, quantitative, and accurate information that cannot be obtained from a Lachman examination. These methods are well established as diagnostic clinical tools to assess ACL integrity as well as in research to provide objective measures of passive joint stability. 23, 34 Previous prospective clinical studies have reported that higher knee joint laxity may indicate an increased risk of ACL injuries. 23, 28, [31] [32] [33] However, no studies have determined the correlation between knee joint laxity and ACL strain (as a measure of the risk of ACL injuries) during high-risk maneuvers. Torry and colleagues 31 have reported a strong correlation between passive anterior knee laxity, measured by knee arthrometry, and peak anterior tibial translation, measured in vivo during dynamic drop landing, in 16 healthy adults. They concluded that anterior laxity can be considered as an established parameter in evaluating the risk of noncontact ACL injuries. In a prospective 2-year study of 44 high school and college athletes, Woodford-Rogers and colleagues 33 reported substantially greater knee laxity within the ACL-injured group (obtained from the contralateral uninjured knee) compared with the athletes with intact ACLs. They further demonstrated that knee laxity is among the best predictors of athletes' group classification (ACL-injured or ACL-intact). Finally, they reported that greater knee joint laxity may result in an elevated risk of ACL injuries. Uhorchak et al 32 reported that female athletes with a higher passive joint restraint, defined as generalized joint laxity greater than 1 standard deviation above the mean, demonstrated an increased risk of ACL injuries. Similarly, Ramesh et al 28 observed increased rates of ACL injuries in patients with increased overall joint laxity, specifically those with increased knee joint laxity. Further, a prospective study of 1558 young female athletes by Myer et al 23 reported a significant correlation between side-toside differences in passive A-P knee joint laxity and the potential risk of ACL injuries. They have suggested that increased passive A-P laxity of the knee joint may be associated with an increased risk of ACL injuries.
Despite the frequent clinical use of knee arthrometry, little data exist to correlate arthrometric measurements and ACL strain. The purpose of this study was to evaluate the relationships between anterior knee laxity measurements and ACL strain under both a passive drawer test and simulated bipedal landing (as an identified high-risk injurious task) using a cadaveric model. We hypothesized that a high correlation exists between arthrometry displacement and ACL strain during the laxity test. The secondary hypothesis was that specimens with higher anterior knee laxity would demonstrate higher levels of peak ACL strain during landing.
MATERIALS AND METHODS

Knee Arthrometry (Passive Drawer Test)
Twenty unembalmed, fresh-frozen cadaveric lower limbs (mean age, 46 6 6 years; 10 female and 10 male) were acquired. Specimens were inspected visually and by computed tomography and magnetic resonance imaging by a board-certified orthopaedic surgeon for signs of soft or hard tissue injuries including indications of surgery, deformities, and soft tissue disruption. Also, A-P knee laxity of each specimen was evaluated using a CompuKT knee arthrometer (MEDmetric Corp, San Diego, California). Specimens were positioned to simulate a supine position with the knees stabilized at 25°of flexion over a standard adjustable thigh support ( Figure 1 ). The arthrometer was secured to the shank, such that the patellar sensor pad rested on the patella with the specimens aligned with the knee joint line's reference mark on the arthrometer. The knee was placed in neutral alignment using the support bar included with the arthrometry kit. The ankle and foot were stabilized to restrict tibial rotation throughout testing per the manufacturer's recommendation. 5, 7 A 134-N posterior force was applied to establish the limit of posterior tibial displacement before application of the anterior force. Each specimen was tested under 4 continuous cycles of A-P shear force (6134 N) applied to the tibial tubercle via the arthrometer's force-sensing handle. To quantify ACL strain during simulated drawer tests, a differential variable reluctance transducer (DVRT) (MicroStrain Inc, Williston, Vermont) was arthroscopically placed on the distal third of the anteromedial (AM) bundle through 2 parapatellar incisions (Figure 2 ). Subsequent to DVRT insertion, the drawer tests zz were repeated. To calculate absolute strain values, the ACL's reference length was calculated based on the method described by Howe et al 14 and Fleming et al 10 to identify the DVRT's length corresponding to the ligament-slack and -taut conditions. It was assumed that the mean strain across the ACL's AM bundle was equal to the change in length of the measured segment divided by the reference length (Kiapour AM, Quatman CE, Ditto RC, et al, ''Influence of Axial Rotation Moments on ACL Strain: A Cadaveric Study of Single-and Multi-Axis Loading of the Knee.'' Paper presented at the proceedings of 37th ASB annual meeting, 2012). 16 All instrumented knee joint drawer tests were performed by a single licensed physical therapist (intrarater reliability [intraclass correlation coefficient] = 0.92). 27 Analog data (both arthrometer and DVRT) were collected at 100 Hz.
Dynamic Testing (Cadaveric Simulation of Bipedal Landing)
Subsequent to arthrometry, a subset of 14 specimens (mean age, 45 6 6 years; 6 female and 8 male) were tested under dynamic conditions. It is noteworthy to mention that 6 of 20 specimens used in the first part of the study were randomly selected for multiple trials to better design and optimize the dynamic test setup and loading protocol. These 6 trial specimens were eliminated from the second set of the experiments (dynamic testing) because of tissue damage and ACL failure during trials and the tune-up process. Specimens were stored at -20°C. Before testing, specimens were slowly thawed to room temperature. Specimens were sectioned at the midfemoral diaphysis (30 cm above the joint line), and all soft tissues up to 15 cm proximal to the joint line were dissected. The remaining bony structure of the proximal femur of each specimen was potted for rigid attachment to the testing frame. The quadriceps (rectus femoris) and hamstring (semitendinosus, biceps femoris, and semimembranosus) tendons were then isolated and clamped inside metal tendon grips to allow for the application of simulated muscle loads. The musculature and skin directly around the knee joint were maintained intact. The foot and ankle were also maintained intact to provide a realistic load-transfer interface. Saline solution was used throughout specimen preparation and testing to maintain tissue hydration.
A novel custom-designed drop stand was used to simulate dynamic landing. 17, 26 Specimens were mounted in such a way to simulate lower extremity postures during ground strike, while landing from a jump with knees flexed at 25° (Figure 3 ). Each specimen was rigidly fixed at the proximal femur, and the tibia was orientated vertically with the foot above. Transknee muscle forces were simulated utilizing multiple cable-pulley systems along with static weights to apply constant forces to the quadriceps (1200 N) and hamstring (800 N). Adjustable pulley systems were used to maintain the physiological line of action of each muscle ( Figure 3 ). An athletic shoe was placed on the foot to provide realistic load transfer during initial contact. Subsequent to the application of muscle loads, the floor platform was set upon the shoe to simulate a footplanted position. Bipedal landing was simulated by the release of half the body weight (350 N) from a height of 30 cm utilizing a hemispherical impactor with an integrated weight stack. The drop weight exerted an impulsive axial compressive force that simulated the ground-reaction force during landing from a jump. Moreover, ACL strain was calculated based on the measurements of the DVRT sensor on the ACL's AM bundle. The tibiofemoral joint kinematics were captured using an Optotrak 3020 3-dimensional motion capture system (Northern Digital, Waterloo, Ontario, Canada) along with 2 arrays of 3 infrared light-emitting diode markers rigidly attached to the femur and tibia. The obtained coordinates from each marker were then transferred to a joint local coordinate system to obtain anatomic joint kinematics. 35 The initial position of the tibia with respect to the femur in an unloaded position was considered as the reference frame in the calculation of joint kinematics. The knee joint rotations were defined as Euler angles of the tibia's reference frame relative to the femur's reference frame. Two 6-axis Figure 1 . The knee arthrometry procedure. Figure 2 . Insertion of the differential variable reluctance transducer on the anteromedial bundle of the anterior cruciate ligament.
load cells (RA Denton Corp, Rochester Hills, Michigan) incorporated within the floor pad and femoral fixture were used to capture all forces and moments delivered to the knee joint and reaction forces and moments during simulated landings. Data collection from all data acquisition units was synchronized utilizing a simultaneous triggering system. Analog data (load cell and DVRT) were collected at 4 kHz, while motion data were collected at 400 Hz.
Statistical Analysis
Paired sample t tests were used to investigate changes in both anterior tibial translation and ACL strain under simulated passive drawer tests (before and after DVRT insertion) and bipedal landing (before landing and peak). An analysis of variance (ANOVA) with a post hoc Bonferroni correction for multiple comparisons was used to study the relationships between applied shear force, joint laxity, and ACL strain. Multiple linear regression analyses were conducted to determine the correlation between anterior drawer load, anterior tibial translation, and ACL strain.
Correlations were classified as poor (\0.4), good (0.4-0.74), and strong (0.75) based on the determined Pearson correlation coefficient (r). 25 Differences were considered to be statistically significant for P \ .05.
RESULTS
A summary of the mean anterior tibial translation for both before and after DVRT insertion along with the mean calculated ACL strain during simulated drawer tests is presented in Table 1 . No significant difference in anterior tibial translation was observed before and after DVRT insertion on the ACL's AM bundle under 67 N (P = .92), 89 N (P = .98), and 134 N (P = .41) of anterior drawer force. During knee arthrometry (simulated passive drawer tests), an increased anterior shear force resulted in significantly greater anterior tibial translation (anterior knee laxity) and mean ACL strain (Figure 4 ). Further, linear regression analysis with the assumption that 0-mm anterior tibial translation corresponds with 0% ACL strain (y-intercept = 0) demonstrated a good statistically significant correlation (r = 0.52, P \ .0005) between arthrometer-measured anterior knee laxity and resultant ACL strain ( Figure 5 ). A summary of peak axial impact force, anterior tibial translation, and ACL strain during simulated landings is presented in Table 2 . Before impact, muscle forces in the quadriceps and hamstring muscle groups produced a mean anterior tibial translation of 3.5 6 3.1 mm and ACL strain of 2.0% 6 2.2%. Simulated landing resulted in a mean axial impact load of 4070 6 732 N over a period of 70 milliseconds. Loads generated by axial impact increased the mean anterior tibial translation by 6.9 6 2.3 mm and increased the mean ACL strain by 4.9% 6 2.6%. Simulated landing significantly increased peak anterior tibial translation to 10.4 6 3.5 mm (P \ .0005) and peak ACL strain to 6.8% 6 2.8% (P \ .0005) compared with the prelanding condition. No tissue failure was observed across anatomic structures of the knee after testing.
Significant correlations were observed between resultant peak ACL strains during simulated landing and anterior tibial translation under anterior shear forces (during simulated drawer tests) of 67 N (r = 0.59, P = .02), 89 N (r = 0.57, P = .03), and 134 N (r = 0.62, P = .01). It was Values are expressed as mean 6 standard deviation. ACL, anterior cruciate ligament; ATT, anterior tibial translation; DVRT, differential variable reluctance transducer. further shown that the specimens with higher magnitudes of anterior tibial translation during knee arthrometry testing demonstrate greater levels of peak ACL strain during simulated landings ( Figure 6 ). To better understand the correlation between the risk of ACL injuries (measure by peak ACL strain) and quantified anterior knee laxity, graphs presented in Figure 6 were divided into 4 quadrants by 2 lines representing the mean values of anterior tibial translation (vertical line) and peak ACL strain (horizontal line) for the tested specimens. A substantial number of the specimens (67%, 72%, and 83% under 67-N, 89-N, and 134-N shear loads, respectively) with anterior knee laxity greater than the mean were located at the first quadrant (top right, high-risk zone), demonstrating greater peak ACL strain than the mean during landing. However, the majority of the specimens (75%, 86%, and 88% under 67-N, 89-N, and 134-N shear loads, respectively) with anterior knee laxity less than the mean were located in the third quadrant (bottom left, low-risk zone), demonstrating lower peak ACL strain than the mean during simulated landing.
DISCUSSION
Injuries of the ACL are exceedingly common and often devastating to adolescents and young adults. 6, 12 The associated costs and resulting long-term disability have generated significant interest in the investigation of noncontact ACL injury mechanisms. Landing after a jump has been identified as a high-risk task that may, under certain conditions, lead to noncontact ACL injuries. 3, 15, 24 Instrumented A-P knee laxity tests are well-established and reliable techniques that have been used extensively by clinicians to quantify knee joint laxity and to evaluate ACL integrity. Previous prospective clinical investigations have demonstrated that patients with higher knee laxity are at an increased risk of ACL injuries. 23, 28, [31] [32] [33] Despite substantial research on the effects of knee joint laxity and the risk of ACL injuries, the biomechanical relationship between anterior knee laxity and ACL strain (as a measure of the risk of ACL injuries) during high-risk activities has yet to be established. This study aimed to investigate the correlation between anterior knee laxity and ACL strain during a high-risk dynamic landing task using a cadaveric model.
Knee arthrometry was used to quantify the A-P knee laxity of 20 relatively young, intact cadaveric lower limbs with and without DVRTs. The insertion of DVRTs across the AM bundle of the ACL resulted in no significant difference in instrumented laxity measures. Under simulated drawer tests, applied anterior shear forces were shown to be a significant factor in anterior tibial translation (anterior knee laxity) and resultant ACL strain levels. It was demonstrated that greater anterior shear forces can lead to increases in anterior tibial translation and ACL strain. This is in agreement with previous findings that demonstrate that the ACL provides up to 87% of the anterior tibial restraining force. 1, 4, 11, 19, 20 A significant linear correlation was established between the magnitudes of anterior tibial translation and ACL strain at 25°of knee flexion. This direct correlation indicates that knee arthrometry is a good indicator of ACL strain and, therefore, has intrinsic value in the evaluation of ACL loading characteristics and the diagnosis of a functionally compromised ACL. In an in vivo study of 5 human patients, Fleming et al 9 established a similar correlation (r = 0.59) between anterior tibial translation and ACL strain (measured by a Hall effect transducer placed on the ACL's AM bundle) during passive laxity testing. Subsequent to the instrumented laxity evaluation, bipedal landings after a jump from a 30-cm height were simulated on a subset of 14 specimens. Results demonstrated the ability of axial impact loads (that simulate the vertical component of the ground-reaction force) to generate anterior translation of the tibia with respect to the femur. The impact-induced anterior translation of the tibia relative to the femur can be biomechanically described as the tibiofemoral joint reaction to generated shear forces due to the specific anatomy of the tibial plateau under shallow knee flexion angles, as demonstrated by other investigators. 8, 21, 22 As expected, the impact-induced anterior tibial translation resulted in elevated ACL strain levels after peak axial impact.
Significant direct linear relationships between the assessed anterior knee laxity after arthrometry and peak ACL strain during simulated landings were observed. Specimens with greater anterior knee laxity demonstrated an increased risk of ACL injuries, as the majority of these specimens were located within the high-risk zone. In contrast, specimens with lower anterior knee laxity had a lower risk of ACL injuries, as the majority of these were located within the low-risk zone ( Figure  6 ). Although no studies have been able to directly quantify ACL strain during landing from a jump in vivo, the results from this study indicate that patients with increased anterior knee laxity may experience higher ACL strains during landing, which may place them at an increased risk of ACL injuries.
This study is the first to establish a significant correlation between anterior knee joint laxity measured by arthrometry and peak ACL strain during simulated dynamic landing conditions. The instrumented evaluation of A-P knee laxity has been identified as one of the most common, accurate, and valid approaches to evaluate ACL integrity. The CompuKT arthrometer has been used extensively to quantify knee joint laxity and demonstrates goodto-excellent intrarater reliability. 34 Considering ACL strain as an established quantifiable measure for the risk of ACL injuries, the current findings highlight the importance of instrumented knee A-P laxity assessment as a potential indicator of the risk of ACL injuries in addition to its clinical utility in the evaluation of ACL integrity.
Study Limitations
Despite the strong findings reported, there are inherent limitations, as with any experimental study. As noted by Gross et al, 13 a number of factors, including arthrometer placement, flexion angle, and speed and angle of force application may influence variables quantified during instrumented laxity testing. We have attempted to minimize these problems and associated measurement errors by having a single, highly reliable licensed physical therapist, with over 15 years of experience with the CompuKT knee arthrometer, collect all arthrometry measurements. Further, the change in A-P knee translation due to muscle co-contraction during knee arthrometry testing in vivo has been identified as one of the main limitations of this technique. However, the use of CompuKT arthrometry in the current cadaveric work is well justified because of the lack of any active neuromuscular controls. Moreover, the use of the CompuKT knee arthrometer has provided the operator with the advantage of live visual feedback regarding the curve shape and test consistency compared with traditional knee arthrometers (ie, KT1000 arthrometer). This would increase the reliability of the results by allowing the operator to adjust the placement/pull angle based on the observed live feedback. Finally, the lack of significant differences between data before and after DVRT insertion demonstrates consistent measurements using this approach in addition to demonstrating that the minimally invasive placement of DVRTs did not affect knee laxity measures. Another limitation was the potential differences in tissue properties associated with cadaveric specimens compared with in vivo tissue properties of young athletes, which can affect the accuracy of absolute reported values. We have tried to minimize this artifact by testing relatively young specimens (mean age, 46 6 6 years). Further, ACL strain was represented only by local strain measurements across the AM bundle. The attachment of a second DVRT to the posterolateral bundle of the ACL would have been associated with compromise of the posterior joint capsule and potential measurement artifacts. 2 The choice to place a single DVRT on the ACL's AM bundle was based on previous work that found the AM bundle's strain to be a good representation of overall ACL strain. 18 Finally, the utilized cadaveric model of landing was associated with a number of assumptions and simplifications including, but not limited to, static muscle loading, orientation of the ground-reaction force relative to the tibia, exclusion of transknee muscles other than the quadriceps and hamstring, and limited range of knee flexion. Care was taken to understand these limitations during the interpretation of our findings.
CONCLUSION
The current experimental findings support our first hypothesis, demonstrating a significant direct correlation between arthrometry displacement during laxity tests and concurrent ACL strain calculated from DVRT measurements. Results further support our second hypothesis that instrumented measures of anterior knee laxity predict peak ACL strain during simulated landings. It also indicates that the specimens with higher anterior knee laxity exhibit increased peak ACL strain during simulated landing.
